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Abstract   
In interspecific pollination of Brassica rapa stigmas with Brassica oleracea pollen grains, pollen tubes cannot penetrate stigma 
tissues.  This trait, called interspecific incompatibility, is similar to self-incompatibility in pollen tube behaviors of rejected 
pollen grains.  Since some B. rapa lines have no interspecific incompatibility, genetic analysis of interspecific incompatibility 
was performed using two F2 populations.  Analysis with an F2 population between an interspecific-incompatible line and a 
self-compatible cultivar ‘Yellow sarson’ having non-functional alleles of S-locus genes and MLPK, the stigmas of which are 
compatible with B. oleracea pollen grains, revealed no involvement of the S locus and MLPK in the difference of their 
interspecific incompatibility phenotypes.  In QTL analysis of the strength of interspecific incompatibility, three peaks of 
LOD scores were found, but their LOD scores were as high as the threshold value, and the variance explained by each QTL 
was small.  QTL analysis using another F2 population derived from selected parents having the highest and lowest levels of 
interspecific incompatibility revealed five QTLs with high LOD scores, which did not correspond with those found in the 
former population.  The QTL having the highest LOD score was found in linkage group A02.  The effect of this QTL on 
interspecific incompatibility was confirmed by analyzing backcrossed progeny.  Based on synteny of this QTL region with 






“Species” is defined as a population isolated reproductively from 
other populations, reproductive isolation being a key factor of 
speciation.  As a mechanism of reproductive isolation in plants, 
abortion of hybrid embryos is commonly observed.  Since 
embryo abortion results in the loss of egg cells, preventing 
fertilization by pollen of different species by inhibiting pollen tube 
growth in a pistil is advantageous for plants.  Incompatibility 
between pollen and a pistil of different species is termed 
interspecific (or interspecies) incompatibility.  On the other hand, 
many plant species have a mechanism to inhibit pollen tube 
growth on the stigma or in the style to prevent self-fertilization, 
i.e., self-incompatibility. 
   Interspecific incompatibility is analogous to 
self-incompatibility in its biological significance, that is to avoid 
undesirable fertilization, and pollen tube behaviors are similar 
between interspecific incompatibility and self-incompatibility.  
Interestingly, self-incompatible species that reject self-pollen on 
the stigma surface also inhibit pollen germination or pollen tube 
growth of different species on the stigma, and those rejecting 
self-pollen in the style also inhibit growth of pollen tubes of 
different species in the style (Lewis and Crowe 1958; Hiscock and 
Dickinson 1993).  Genetics of self-incompatibility has been 
studied using various plant species, and such studies have revealed 
the participation of the S locus having multiple alleles in 
self-recognition reaction in self-incompatibility (Nettancourt 
2001).  Molecular genetic studies of the S locus have largely 
contributed to the elucidation of self-recognition mechanisms in 
various plant species and have revealed that different plant 
families use different recognition molecules in 
self-incompatibility.  On the other hand, the genetics of  
 interspecific incompatibility has been seldom studied (Bernacchi 
and Tanksley 1997).  Genetic analysis of interspecific 
incompatibility may help to clarify the molecular mechanism of 
interspecific incompatibility. 
   In interspecific pollination between self-incompatible species 
and self-compatible species, pistils of self-incompatible species 
generally inhibit growth of pollen tubes of self-compatible 
species, while fertilization occurs in reciprocal crossings.  This 
one-way interspecifc incompatibility is called unilateral 
incompatibility (Lewis and Crowe 1958).  Unilateral 
incompatibility is clearly observed in Solanaceae, and 
participation of a gene of the S locus in unilateral incompatibility 
has been suggested (Bernacchi and Tanksley 1997). 
   Brassicaceae species have a self-incompatibility system, the 
molecular mechanism of which has been intensively studied 
(Kitashiba and Nishio 2009).  Rejection of both self-pollen and 
pollen of different species occurs on stigma surface in 
Brassicaceae, and both self-incompatibility and interspecific 
incompatibility can be overcome by bud pollination.  The S 
locus of Brassicaceae contains SCR/SP11, which determines 
pollen recognition specificity (Schopfer et al. 1999; Suzuki et al. 
1999), and SRK, which determines stigma recognition specificity 
(Stein et al. 1991).  As another locus controlling 
self-incompatibility, the M locus has been elucidated by classical 
genetics (Hinata et al. 1983), and M-locus receptor kinase 
(MLPK) has been reported to participate in self-incompatibility 
(Murase et al. 2004). 
   Our preliminary investigation showed that stigmas of a 
self-compatible cultivar, ‘Yellow sarson’, in Brassica rapa are 
compatible with Brassica oleracea pollen, while those of 
self-incompatible cultivars are generally incompatible with 
Brassica oleracea pollen, suggesting possible participation of the  
TOUR: Tohoku University Repository 
- 2 - 
S or M locus in interspecific incompatibility.  Therefore, in the 
present study, we investigated interspecific incompatibility of an F2 
population between ‘Yellow sarson’ and a self-incompatible 
cultivar and found no effect of S or M genotypes on interspecific 
incompatibility in the stigma.  Interspecific incompatibility was 
found to be a quantitative trait.  Selecting and using a line having 
strong interspecific incompatibility and a line completely 
compatible with Brassica oleracea pollen as parental lines, we 
analyzed QTLs for the strength of interspecific incompatibility.    
 




A doubled haploid line ‘P11’ of a Komatsuna cultivar ‘Osome’, a 
Japanese leafy vegetable of rapifera group in Brassica rapa, 
stigmas of which are incompatible with pollen of Brassica oleracea, 
and an inbred line ‘C634’ of an Indian oilseed cultivar ‘Yellow 
sarson’, stigmas of which are compatible with pollen of B. oleracea, 
and their F2 populations were used for linkage analysis of a gene or 
genes responsible for interspecific incompatibility with the S and M 
loci and for QTL analysis.  An S tester inbred line of S-32 
haplotype named ‘STS32’, which is compatible with B. oleracea 
pollen, a doubled haploid line ‘P04’ of a Chinese cabbage cultivar 
‘Harusakari’, which is incompatible with B. oleracea pollen, and 
94 plants of their F2 progeny were also used for QTL analysis.  
Pollen donors in B. oleracea were a Chinese kale line ‘B479’ and 
‘B. oleracea S-32’ in the linkage analysis with S and M and in QTL 
analysis, respectively.  The self-recognition specificity of S-32 in 
B. oleracea is different from that of S-32 in B. rapa (Sato et al. 
2003).  These plants were cultivated using 24-cm pots in an 
unheated greenhouse. 
 
Observation of interspecific incompatibility 
 
Pollen-tube behavior after interspecific pollination was observed 
under a fluorescent microscope.  Flowers were emasculated just 
after anthesis, and placed on an agar plate.  Pollen grains of 
‘B479’ and ‘B. oleracea S-32’ were pollinated, and pollen tubes 
were observed 6 hours after pollination.  Stigmas were hydrolyzed 
in 1 N NaOH at 55˚C for 1 h and pollen tubes were stained in 
aniline blue solution (0.1% aniline blue in 2% K3PO4).  The 
number of pollen tubes in a stigma was rated using the following 
indices: 1 (completely incompatible), no pollen tube in a stigma; 2 
(strongly incompatible), 1 - 2 pollen tubes entering a stigma; 3 
















compatible), 10 - 29 pollen tubes per stigma; 5 (compatible), 30 - 
ca. 100 pollen tubes per stigma; 6 (fully compatible), more than ca. 
100 pollen tubes per stigma.  Three flowers were used for each 
test, and the test was repeated three times for evaluating the 




Plant genomic DNA was isolated by a modified CTAB method 
(Doyle and Doyle 1990).  A 0.1 g piece of leaf was pulverized in 
liquid nitrogen and suspended in 2 x CTAB solution (2% 
cetyltrimethyl ammonium bromide, 100 mM Tris-HCl buffer pH 
8.0, 1.4 M NaCl, 20 mM EDTA).  After 
chloroform/isoamylalcohol (24:1) extraction, DNA was 
precipitated by the addition of isopropanol.  DNA was dissolved 
in 1 x TE buffer and treated with RNase. 
 
Genotyping of S haplotype and MLPK 
 
S genotypes of plants were identified using PCR-RFLP analysis of 
SLG alleles (Nishio et al. 1996) and dot-blot analysis of SP11 
alleles (Takuno et al. 2010).  An SNP in MLPK was analyzed by 
dot-blot-SNP analysis according to Shirasawa et al. (2006) to 
identify MLPK genotypes.  Genomic DNA of MLPK was 
amplified using a primer pair (TTCATTTTATCTGGTAACTCGC 
and GTTCTGTGATCATGTCAATGAG), and probed with a 
wild-type sequence (GTGCAAAAgGTCTAGCT) or a sequence of 
‘Yellow sarson’ (GTGCAAAAcGTCTAGCT). 
 
DNA marker production 
 
SCAR, CAPS, PCR-RF-SSCP (Inoue and Nishio 2004), and 
dot-blot-SNP markers showing polymorphism between ‘Harusakari 
P04’ and ‘STS32’, i.e., the parental lines of F2 plants used for QTL 
analysis, were newly developed using EST sequences available at 
NCBI (http://www.ncbi.nlm.nih.gov/) and DDBJ 
(http:/www.ddbj.nig.ac.jp/).  Among previously reported SSR 
(simple sequence repeat) markers for B. rapa and B. oleracea 
(Suwabe et al. 2006, Tamura et al. 2005, Iniguez-Luy et al. 2008), 
primer pairs of 143 markers were examined for selection of DNA 
markers.  Dot-blot-SNP markers, 114 markers, developed for B. 
rapa (Li et al. 2009) were also used.  To relate the linkage group 
of our DNA markers to the standard reference map of B. rapa (Kim 
et al. 2006) and to further increase the number of DNA markers, 
CAPS and dot-blot-SNP markers were developed using BAC 

















Fig. 1. Pollen tube behavior in the stigmas after interspecific pollination between B. rapa x B. oleracea.  B. oleracea pollen tubes in a 
stigma of an open flower of ‘Osome P11’ (A), in a stigma of an open flower of ‘Yellow sarson’ (B), in a stigma of a bud two days before 
anthesis of ‘Osome P11’ (C). 
























Construction of a linkage map and QTL analysis 
 
Linkage analysis and map construction were performed using 
Antmap version 1.2 (Iwata and Ninomiya 2006).  Linkage groups 
were identified in the threshold range of 0.3, and the Kosambi 
mapping function was used to convert recombination frequencies 
into map distances (cM).  QTL analysis was performed using 
composite interval-mapping (CIM) analysis with Windows QTL 
Cartographer v2.5.  A permutation test was applied to each data 




Effects of S and MLPK genotypes on interspecific incompatibility 
Pollen tubes of B. oleracea ‘B479’ did not enter stigma papilla 
cells of ‘Osome P11’, whose incompatibility index was 2 (Fig. 1a), 
while ‘Yellow sarson C634’ showed full compatibility with index 6 
(Fig. 1b).  Stigmas of ‘Osome P11’ two days before anthesis were 
compatible with B. oleracea ‘B479’ pollen (Fig. 1c).   
   ‘Yellow sarson’ has a non-functional S haplotype, S-f2 
(Fujimoto et al. 2006), and therefore is self-compatible.  ‘Osome 
P11’ having S-60 haplotype is self-incompatible.  Two F2 
populations derived from a cross between ‘Yellow sarson C634’ 
and ‘Osome P11’ grown under different culture conditions and at 
different seasons were used for investigating the effect of the S 
locus on interspecific incompatibility.  There was no significant 
difference of interspecific incompatibility levels between S-f2 
homozygotes and S-60 homozygotes by the T-test, nor was any 
significant difference found between different genotypes of MLPK 
(Table 1).  
   The strength of interspecific incompatibility of F2 plants was 
distributed continuously (Fig. 2), suggesting that interspecific 
incompatibility is a quantitative trait.  Therefore, QTL analysis 
was conducted using 52 F2 plants and their genotyping data of 241 
DNA markers obtained in our previous study (Li et al. 2009).  The 
S locus and the M locus have been previously mapped in linkage 
groups A07 and A03, respectively (Li et al.  2009).  The S locus 




















locus showed a minor LOD score peak, being ca. 0.5, it was much 
lower than the threshold value of 2.5.  Three QTLs were detected 
in linkage groups A04, A06, and A09, and the additive effect of the 
QTL in A09 was negative and those in A06 and A04 were positive, 
indicating that the allele of ‘Osome P11’ in A09 strengthens 
interspecific incompatibility and that ‘Osome P11’ alleles in A06 
and A04 weaken interspecific incompatibility.  However, their 
LOD scores were not high, scarcely exceeding the threshold value, 
and the variance explained by each QTL was small.  For further 
study of QTL analysis of interspecific incompatibility, we used 
another F2 population. 
 
Selection of parents and DNA marker production 
 
For QTL analysis of the strength of interspecific incompatibility, 
we selected B. rapa lines having the highest and lowest levels of 
interspecific incompatibility from six lines (Supplementary Table 
S1).  The selected line having the highest level of incompatibility 
was a doubled haploid line ‘P04’ of a Chinese cabbage cultivar 
‘Harusakari’, showing an incompatibility index of 1, and the line 
having the lowest level of incompatibility was a homozygous line 
of S-32 haplotype, ‘STS32’, showing an incompatibility index of 6.  
F1 hybrids between them showed strong interspecific 
incompatibility, the index being 2.  The levels of interspecific 
incompatibility of these lines were constant in pollination tests 
using pollen grains of eight different lines of B. oleracea 
(Supplementary Table S2), suggesting no variation in interspecific 
incompatibility on the male side in the B. oleracea lines used in 
this study. 
   DNA markers showing polymorphism between ‘Harusakari 
P04’ and ‘STS32’ were produced.  Primer pairs were designed 
from 251 EST sequences of B. rapa and B. napus and used for 
genomic DNA amplification by PCR.  Single DNA fragments 
were amplified from both ‘Harusakari P04’ and ‘STS32’ by 143 
primer pairs, and four showed polymorphism by agarose gel 
electrophoresis, yielding SCAR markers.  By polyacrylamide gel 
electrophoresis after digestion with MboI or MspI, 49 amplified 
DNA fragments showed polymorphism, yielding CAPS markers 
(Supplementary Table S3).  Forty-one DNA fragments showed 
polymorphism by PCR-RF-SSCP analysis.  Among them, 
twenty-six PCR-RF-SSCP markers were sequenced, and SNPs of 
12 markers were identified.  Based on these SNPs, 11  
 
 
Fig. 2. Frequency distribution of the strength of interspecific 
incompatibility in 52 F2 plants derived from 
‘OsomeP11’x‘Yellow sarson’. 


























































dot-blot-SNP markers were produced (Supplementary Table S3).  
Reported SSR markers were applied to these parental lines, and 8, 
5, and 2 SSR markers among 38 (21.0%), 9 (55.9%), and 96 (2.1%) 


























































and Iniguez-Luy et al. (2008), respectively, showed polymorphism 
between them.  SCAR, CAPS, and dot-blot-SNP markers having 
polymorphism between ‘Yellow sarson’ and ‘Osome P11’ (Li et al. 
2009) were also tested, and 2, 26, and 17 markers in SCAR, CAPS,  
 
Fig. 3.  A linkage map of DNA markers and detected QTLs for the 
strength of interspecific incompatibility.  Map distances are shown to the 
left of vertical lines of linkage group in cM, and marker names are shown 
on the right.  White bars indicate QTLs detected in F2 between 
‘OsomeP11’x‘Yellow sarson’, and black bars indicate QTLs detected in F2 
between ‘STS32’x‘Harusakari P04’. 























and dot-blot-SNP markers, respectively, showed polymorphism 




Using 94 F2 plants derived from a cross between ‘Harusakari P04’ 
and ‘STS32’, linkage analysis of the 125 DNA markers, i.e., 6 
SCAR, 75 CAPS, 15 SSR, 28 dot-blot-SNP, and 1 PCR-RF-SSCP 
markers, was carried out.  In total, 101 DNA markers were 
mapped on the 11 linkage groups of B. rapa, but 24 DNA markers 
were not linked to the linkage groups.  To fill in the gap of the 
map, DNA markers were further produced using the BAC clone 
sequences on the linkage map (http:/www.brassica.info/).  
Fifty-four DNA markers, i.e., 3 SCAR, 21 CAPS, 28 dot-blot-SNP, 
and 2 PCR-RF-SSCP markers, were newly developed.  The 
linkage map, including the newly developed BAC-sequence-based 
markers, consisted of ten linkage groups with 158 markers and had 
1374.6 cM in total, the average distance between DNA markers 
being 8.7 cM (Fig. 3).  The longest distance between DNA 




















   Levels of interspecific incompatibility with B. oleracea pollen 
in the 94 F2 plants were also continuously distributed (Fig. 4).  
QTL analysis was performed using the data on incompatibility 
levels of the 94 F2 plants and the 158 mapped DNA markers.  
Five QTLs having LOD scores exceeding the threshold value, 2.5, 
were detected in A02, A03, A05, A08, and A10 (Fig. 3).  The 
QTL having the highest LOD score, i.e., 8.9, was found between 
KBrS003M22s and KBrB086G22s in A02 (Table 2).  The 
additive effect of the QTL was -1.0, and the explained variance was 
32.3%.  The genotype of ‘Harusakari P04’ of this QTL 
strengthened interspecific incompatibility.  The total of the 
explained phenotypic variances of the five QTLs exceeded 75%. 
 
Interspecific incompatibility in progeny 
 
The effect of the QTL of A02 on the strength of interspecific 
incompatibility was investigated using 55 BC1F2 plants, a parent 
(BC1F1) of which was obtained by backcrossing an F1 plant with 
‘STS32’.  Genotypes of this QTL were inferred from genotypes of 
the two closely linked DNA markers, i.e., KBrS003M22s and 
KBrB086G22s.  Excluding ten recombinants between 
KBrS003M22s and KBrB086G22s, 11 homozygotes of ‘Harusakari 
P04’ alleles, 11 homozygotes of ‘STS32’ alleles, and 23 
heterozygotes were obtained.  Indices of interspecific 
incompatibility of ‘Harusakari P04’-allele homozygotes and 
‘STS32’-allele homozygotes were 3.4 and 4.4, respectively.   The 
T-test indicated a significant difference (P<0.05) in the strength of 
interspecific incompatibility between groups of these two 
homozygotes.  The index of interspecific incompatibility of 




Pollen tube behavior after interspecific pollination of B. rapa x B. 
oleracea was quite similar to that after self-pollination in these 
species.  Observing pollen tube behavior after interspecific 
pollination within Brassicaceae and treatment for overcoming 
self-incompatibility, Hiscock and Dickinson (1993) have suggested 
involvement of the S locus in unilateral incompatibility, which is 
one type of interspecific incompatibility.  In Solanaceae, linkage 
of a QTL for interspecific incompatibility with the S locus has been 





















Fig. 4. Frequency distribution of the strength of interspecific 
incompatibility in 94 F2 plants derived from 
‘STS32’x‘Harusakari P04’ 
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RNase, which is the pistil recognition molecule encoded by the S 
locus, in interspecific incompatibility has been reported (Murfett et 
al. 1996).  Although the stigmas of a self-compatible cultivar 
‘Yellow sarson’ in B. rapa, which has a nonfunctional SRK allele 
due to retrotransposon insertion (Fujimoto et al. 2006), were 
compatible with B. oleracea pollen, the present study revealed that 
this interspecific compatibility locus is not linked to the S locus, 
indicating no participation of SRK in interspecific incompatibility.  
Since SRK is the receptor molecule for a pollen ligand encoded by 
the S locus, i.e., SCR/SP11, it is reasonable that SRK is not 
involved in interspecific incompatibility. 
   The similarity of pollen tube behavior of self-pollen and that of 
pollen of different species may suggest that the same rejection 
mechanism functions after recognition to inhibit pollen tube growth 
between self-incompatibility and interspecific incompatibility.  
Although the S locus has been intensively studied, there are few 
reports on the genes participating in the downstream pathway after 
self-recognition reaction in self-incompatibility.  A point mutation 
in an MLPK allele of ‘Yellow sarson’ resulting in a single amino 
acid substitution from G to R has been reported to be the cause of 
the loss of function of the M locus (Murase et al. 2004).  In the 
present study, the strength of interspecific incompatibility of F2 
plants between ‘Yellow sarson’ and ‘Osome P11’ did not depend 
on the genotypes of the M locus, and a significant QTL was not 
detected at the M locus.  Thus, it can be concluded that the M 
locus is not involved in interspecific incompatibility, either. 
   Another gene participating in self-pollen rejection in 
self-incompatibility may be involved in interspecific 
incompatibility.  ARC1 (Stone et al. 1999) has been reported to be 
involved in the pathway for self-rejection downstream of 
self-pollen recognition (Gu et al. 1998).  A gene encoding ARC1 
was mapped on linkage group A04, and a small peak of LOD score, 
which was not significant, was detected near the ARC1 locus in 
QTL analysis using the two populations.  This result might 
suggest involvement of ARC1 in interspecific incompatibility.  
However, parental lines used for QTL analysis were not 
self-compatible lines caused by the loss of ARC1 gene function.  
There were 15 SNPs in ARC1 between ‘Harusakari P04’ and 
STS32, including seven non-synonymous substitutions.  To study 
involvement of ARC1, analysis using an ARC1 mutant is required.  
Although other genes participating in the downstream signaling 
pathway for self-pollen rejection have not been reported in 
Brassica, such genes may also function in interspecific 
incompatibility. 
   Different QTLs not shared by different incompatible parents 
used in this study were detected between different F2 populations, 
indicating that there are several genes contributing to the strength 
of interspecific incompatibility.  Since the LOD scores of all the 
QTLs detected in F2 between ‘Yellow sarson C634’ and ‘Osome 
P11’ were as high as the threshold value, we analyzed another F2 
population and found a major QTL, which explains 32.3% 
phenotypic variance, in linkage group A02.  Backcross F2 plants 
having ‘Harusakari P04’ alleles of DNA markers in this QTL 
region showed stronger interspecific incompatibility than those 
having ‘STS32’ alleles, confirming the effect of this QTL on 
interspecific incompatibility.  
   Synteny analysis between B. rapa and Arabidopsis thaliana 
revealed that the QTL region in linkage group A02 has synteny 
with chromosome 5 of A. thaliana.  The syntenic region of A. 
thaliana contains seven genes specifically expressed in the stigma 
(Tung et al. 2005).  Among them, there is a gene encoding a 
putative receptor-like protein kinase, At5g59700.  Although the 
function of At5g59700 in A. thaliana has not been elucidated, its 
structure is similar to that of SRK participating in Brassica 
self-incompatibility.  However, the receptor-like protein kinase 
(RLK) is one of the largest gene families with more than 600 
members with diverse function, such as control of plant growth and 
development, disease resistance, stress response, and so on (Shiu 
and Bleecker 2003).  The gene most similar to At5g59700 is 
HERCULES1, which is involved in brassinosteroid-mediated cell 
elongation (Guo et al. 2009).  Another gene similar to At5g59700 
is FERONIA, which participates in male-female interaction for 
fertilization.  Involvement of FERONIA in the failure of 
interspecific fertilization between A. thaliana and Arabidopsis 
lyrata or Cardamine flexuosa has been suggested 
(Escobar-Restrepo et al. 2007).   A FERONIA-like gene 
specifically expressed in the stigma might function in acceptance or 
rejection of pollen tubes on the stigma surface, but further study is 
required. 
   For identification of the gene responsible for interspecific 
incompatibility in the QTL region, it would be necessary to narrow 
down the QTL region by developing a near-isogenic line having 
only the QTL region of the dominant parent, ‘Harusakari P04’, in 
the genetic background of the recessive parent, ‘STS32’, and 
recombinants within the QTL region.  We are backcrossing 
‘STS32’ to BC1F1 to develop a near-isogenic line, and producing 
SNP markers using the sequences of the BAC clones in the QTL 
region. 
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Stigmas Self B. rapa S-27 B. oleracea S-2 B. oleracea S-18
MusoP08 1.7±0.2 5.9±0.1 3.8±0.2 2.2±0.2
HoMei 3.7±0.3 5.5±0.2 5.9±0.1 3.9±0.3
HarusakariP01 1.3±0.1 5.9±0.1 3.8±0.4 2.2±0.2
HarusakariP04 1.5±0.1 5.6±0.2 1.7±0.2 1.3±0.1
S-32 tester line (STS-32) 1.5±0.2 6.0±0.0 5.8±0.1 5.8±0.1
S-36 tester line 2.5±0.3 5.8±0.2 2.4±0.3 2.2±0.3
* Mean ± SE
Supplmentary table S1. Interspecific incompatibility of stigmas of different B. rapa lines to B.
oleracea pollen
　Pollen
Green Comet S-2 S-18 S-24 S-29
HarusakariP04 1.1±0.1 1.7±0.2 1.3±0.1 1.1±0.1 1.3±0.3
STS-32 5.7±0.2 5.8±0.1 5.8±0.1 5.9±0.1 6.0±0.0
S-31 S-32 S-61 self B. rapa S-27
HarusakariP04 1.3±0.3 1.0±0.0 1.3±0.3 1.1±0.1 5.9±0.1
STS-32 5.8±0.3 5.6±0.2 6.0±0.0 1.3±0.1 5.8±0.1
* Mean ± SE
B. oleracea
B. oleracea
Supplementary table S2. Interspecific incompatibility of stigmas of ‘Harusakari P04' and‘STS32' to pollen of
different B. oleracea lines
Supplementary table 3. DNA markers  newly developed in this study
Marker names Accessions References Marker types* Forward primers Reverce  primers Probes for 'STS32' alleles Probes for 'Harusakari P04' alleles
KBrB046G18c AC189365 BAC c CGTTCGGATTCGGATATCCA TCAACTCTCCGTGGTACACT
KBrH003N18c AC189540 BAC c AATACTTGACAGCCACACGC CAAGTTCCTGTACCTGCTGA
KBrB022L12c AC189266 BAC c GAATCGTGGATAGCTTCTGG AGCTAGAGAGCGTCGTGTTA
KBrB034I14p AC189311 BAC p(MboⅠ or MspⅠ) ACAATGAGCTGTGTTGACGC CGCAACACTCAACCCTAACA
KBrB086M23p AC189499 BAC p(MboⅠ or MspⅠ) CAAACCGGGACTTAGCTTGA ACGCCTCATTAACTTCACCG
KBrB011L09p AC189224 BAC p(MboⅠ or MspⅠ) TCCGAGAAGCCTCATTTGTC ATACAGCCGGACCACTTAAC
KBrB055N13p AC189396 BAC p(MboⅠ or MspⅠ) CCAACAACGCTATAACGACC GAACCCACTTGTGATATGGG
KBrB026C23p AC18929 BAC p(MboⅠ) AACCAGTCGTTGTAAGCAGG ATCCTCTCAGACAAGACAGG
KBrB035A14p AC189315 BAC p(MboⅠ) GCTGGTGTAACTAGAGAGCA GGACACAAGATAGAGGTCCT
KBrB069A15p AC189436 BAC p(MboⅠ) GCAAATTCACGAGCCTACCA TCCGTTGAATCTAGCCACCA
KBrB084F02p AC189487 BAC p(MboⅠ) GCTTCTGAAGAGCACTCCTA TGAGCTGAACACCGAGGAAT
KBrH010M08p AC172873 BAC p(MboⅠ) GCAAGACGTATGACGGTTCA GCCTTGAACTAGACGTAGCT
KBrB043F18p AC189351 BAC p(MboⅠ) ACACAGGTCACTGTTAACGC AACAGGCATACCGGTTAAGC
KBrH007A03p AC189559 BAC p(MboⅠ) TACCAGGACTGTATGGAGAC TAGTCGCTTCAAAGCTCTGTGC
KBrB036H01p AC189319 BAC p(MboⅠ) TCGTCGCTGATGTTCATGAG AAGGTCTAGCAGCCTTTGCTG
KBrH121P05p AC189621 BAC p(MboⅠ) GTCTTCTCTGAGCTCGTTGAC ACCTTCAACTTGTGTCGGTC
KBrS004O21p AC189637 BAC p(MboⅠ) GTCCTGCAAGTTCTTCAAGAG GCTTTGACAAGCCTTTAGGC
KBrH001J06p AC189534 BAC p(MboⅠ) GCATATGACGAAGAGCATGC TTTCCAGACCCACATGTGAG
KBrB010F06p AC189217 BAC p(MboⅠ) TACTGATCATGCTCCTTCAG CAACAGTGTTCCACTTCCTA
KBrB015N02p AC189238 BAC p(MboⅠ) GGTCACGTTGGCTATCAAAT CTAAGGTCTTGAAGCTGTCT
KBrB070L01p AC189445 BAC p(MboⅠ) GTCCGCTTCTTCACCAAAAT GGAGATGCGATAACAGTGTT
KBrS004A14p AC189633 BAC p(MboⅠ) AACTTGTGGTGAACGGTAAC GATCAACAGAAAGGACCTCA
KBrB084M06p AC189491 BAC p(MspⅠ) ACAGAAGCTTATGGAGCACC CCTATAACGACTTTGCAGCG
KBrB056L15p AC189400 BAC p(MspⅠ) CTGTCTGACCATATGCGAAT CAGCTTGAACAGAACCTTTGT
KBrB068B07s AC189431 BAC s ACCACAATCGTCGATCGAGA AAACTCAGCTTCCTCCCAGA GCGCCAAGTTAAACGAG GCGCCAAGCTAAACGAG
KBrB034N10s AC189313 BAC s CCATGGCTAATCAAGCACGC GCGATCGACGGATAAGATCT TCGTCTCCCAGATCTCG TCGTCGCCTCGATCTCG
KBrH009B23s AC189564 BAC s AGAACCTTAGCCGCCTTTGA GAGGAAGCTTACTGCCATAG GTTTCAGGTCCAACCTC GTTTCAGGGCCCACCTC
KBrB087B10s AC189501 BAC s CTAGTCTCAGCGATACATCC AGTCGAGATTTGCTGGCTTC GAAATTTCTTAATTTTC GAAATTTCACAATTTTC
KBrB067F22s AC189430 BAC s CCAGAGTCAATCATTGAGCG TCTGGCTAGGACTTGCCAAA TTGAGAACCGCTGAAGC TTGAGAACTGCTGAAGC
KBrB086G22s AC189497 BAC s CACCGTTGGCTTATCTCCAA CGGCAAAGGATGTCAAGCAA GCTTCTTGACATCCGAA GCTTCTTTGCATCCGAA 
KBrB007I19s AC189207 BAC s TGTTGCAGGAGATGTTGCTC ATGATAGCTGGACTCTGCGA CCATCTCATTCACCAGC CCATCTCGCTAACCAGC
KBrB049H14s AC189378 BAC s GGTCTACACGTGCTACTCTT GATTAAATCAGCTCACACTC CTTTGACTAGAGTTGGT CTTTGACTGGAGTTGGT
KBrH128M07s AC172884 BAC s CCTTGGTTACCAAAGTCTCC GCAACCAAAGCTCTCAATGC CGGGTTCCGTACCTAAG CGGGTTCCATACCTAAG
KBrS003M22s - BAC s CAGCATCTGCGGAGTAAGAA CACAAGGTATGGCTTCTGAT CAAGCCAGATACAAGCA CAAGCCAGGTACAAGCA
KBrB007I08s AC232447 BAC s TTTCCAAGCTTCCCAGCAGT CGTCATTTGGTTGGTATAGG TCTCAAGCATTGTTCTA TCTCAAGCGTTGTTCTA
KBrB021M05s AC189259 BAC s TTTCCATCCACATCAGCCTG AGGTTATCGCGGAGAGTCTA AGTTTAGAACCAAGCCT AGTTTAGAGCCAAGCCT
KBrB013N08s AC189232 BAC s CATGCATGACATCTGCAGAC CGGCTGCTTGAACCAATTTG ATCTCTCACAAACTCAT ATCTATCAAAAACGCAT
KBrB092L14s AC189528 BAC s CTGGAAGCAAGCCACTATGT CGTACGGATCATCAACATCC GCGGTGGAGCTCCGTAA GCGGTGGATCTCCGTAA
KBrH009I04s AC189568 BAC s TGATGATCACTCATCGCTGG CGAGCTGATACAGGCCTTTA AGAGGAGGATCCCGCCA AGAGGAGGTTCCCGCCA
KBrB033O04s AC189307 BAC s CGTTTCAAGCAAGAAGCTCC GCCACATGAGCATCATTGAG GCACACACTGCCACCCT GCACACACCGCCACCCT
KBrB065N20s AC189427 BAC s GCGAACGTCATCATCTTCCA GTCACCATACTCCTGCAAGA TCCGGTGGTAAAAGAAA TCTGATCTCAAAAGAAT
KBrH010F15s AC189572 BAC s CAGTCCTGGAACCAACAGTT TGTCAGATGGATTAGCCCGT AAAGGAAAAGTAACGAA AAAAGAAAGGTAACAAA
KBrB080N15s AC189476 BAC s CTTGATGTCTCCGACTCCAT TAAGAAGAGGAAGACGACGG TCTAGCCACTAACAACA TCTAGCCGTTAACAACA
KBrH005C21s AC189549 BAC s TTCTCTTGTAGCCTCAGGCT GAACCTTGGATCTCACCAGT CGATGCTGTATCTCAAA CGATGCTTTGTCTCAAA
KBrB090M17s AC189518 BAC s GAAGCATAGTAGTGCTCCTC GCAGGAATCATAGCAGCATC CCTAATGAAAAGAGGAT CCTAATGAAAAGAGGAT
KBrH013B19s AC189590 BAC s ACCGAAACTGAAGCCCTGTT CACTTGCTTCAGAACGCAGA TTGTCATGGGACTGAAG TTGTCATGTGACTGAAG
KBrH138O03s AC225403 BAC s TCTGGCATATGCTACGCACA AGAGAGCGGTGGCATAAGTT CAGCTCCAATTCTTTTG CAGCTCCATTTCTTTTG
KBrB006C05s AC232444 BAC s AGTCTAGTGGTCTCTGCAGA CATTAGCCGCTGCCATCTTA GATCCGGCTGAATGTAA GAAGAGGATCTCTATAA
KBrB012F17s AC189226 BAC s ACATGTTCTGTCTTAGCGAG CAGAAGGTCAATGAGCAAAC CTCCTTAAGCTCCCACT CTCCTTAACCTCCCACT
KBrH098A19s AC189615 BAC s GAATAGCACTCTGCAACTCC ACCACCGTCACAGCTTTCAA CGGAGTGACTCGGAGAT CGGAGTGAGTCGGAGAT
KBrB010H08s AC232451 BAC s CCTGAACTTCAGTCTGCTTC GGCAAGCATCCTCTTCTAGT TTGACCTCAGGAGATAA TTGACCTCTGGAGATGA
KBrH014M07s AC189600 BAC s TGTCTATTACAGCCTGCACC GATCATCGACCAGTGCAGAA GCCGATCTACGAGTGTA GCCGATCTGCGAGTGTA
KBrH080C09ss AC166741 BAC ss(MboⅠ or MspⅠ) TATGCAGGTGGGAAGAACAG GCCTTGTGCCAAGTGATCAT
KBrB080E18ss AC189472 BAC ss(MboⅠ) GATCCGCAATGGTTCTGAAG GTGTATCGATGGGTTCAGAC
BrAPTL3c AY336799 EST c GAGCGCTCACTATGAGGTTC AGAGACGGTACCAGCTCATG
BrDAAc AF251794 EST c TTAGGGAATCCGGTGGAGAA GAGACGACAAGGAACTGCGA
BrMMDHc X89451 EST c CTTGTCCGATCCTCCGCCTC GGTTGGCAAACTTAACTCCC
BrNAC485p AY245887 EST p(MboⅠ or MspⅠ) CAGTTGAGCTTACCTCCAGG TTGACCCGAAAGTCCGAACC
BrXPL1p AY319479 EST p(MboⅠ or MspⅠ) TGGAGCTGGTATTGGTCGTT GTTCACGTCTCAGGACTTGC
BrSIAH1p AJ249908 EST p(MboⅠ or MspⅠ) TGAGAATGGCAGAGAAACGG GGAGTTACCCTTCTTCTGAC
BrUGT74B1p AF304430 EST p(MboⅠ or MspⅠ) TCCGTCTCCGTCGAACCAAT TCGCTCTTCACAACTCCTCC
BrGSL2p Y12458 EST p(MboⅠ or MspⅠ) GAGCCCCATTGCATCTTCAA TCCCGGCAAGACTACTTAGA
BrGDH2p AB066298 EST p(MboⅠ or MspⅠ) TGCTTTAGCCGCAACGAACA TTAAGCTTCCCAACCACGCA
BrLACS6p Z72152 EST p(MboⅠ or MspⅠ) GGTTCCAATGTCTGGAGCAG AACCGTCTCAACTTCCGTGC
BrVDESp AF060884 EST p(MboⅠ or MspⅠ) AGAATGGCAGAAACGGAGCA ACAACCGAAACATCCAGCGA
BrACTp AF111812 EST p(MboⅠ or MspⅠ) GAATGGTGAAGGCTGGGTTT AGGACCAGAGCATCATCACA
BrPIP2p AF118383 EST p(MboⅠ or MspⅠ) TTCGTAGCCACTCTCCTCTT ATATCCCCACACTGATGCCA
BrPSBOp AF139818 EST p(MboⅠ or MspⅠ) AGATTTCCACCGCTCCTTCT AGCCACCGGTTAATTAGGCT
BrGKTPp X93015 EST p(MboⅠ or MspⅠ) CGTCCCAATGCACATTGAAA TGCACTATGCAAGTCGAAAC
BrMAPK3p AY642433 EST p(MboⅠ or MspⅠ) GGCCAATATCCAGATTTTCC CACTCACTCACTAGCAGTAA
BrBBM1p AF317906 EST p(MboⅠ or MspⅠ) ACAATAGTCACTCCCGAGGT GCGCGTTTGGCCTTCTCTTT
BrMINEp DQ118104 EST p(MboⅠ or MspⅠ) GACAACCAGACACTGTTCAA GATCTCTGCGAGCTTACTAA
BrRLP26p AY919864 EST p(MboⅠ or MspⅠ) CATTGGTCAAGTTCCTTCCT GTCTATTGAAGCCAACGTCA
BrSSE1p DQ115399 EST p(MboⅠ or MspⅠ) CCACTTTCTTCTGAGAGCTT GCCTTTCTTGGCATATTCAC
BrSKp Y12674 EST p(MboⅠ or MspⅠ) CTCTAGTCTTAAGAGACCCA TAGTAGGTAGAGAGAGTGAG
BrCDCp AJ224078 EST p(MboⅠ or MspⅠ) ACTTCGACTATGCTCACTAC CGGTTCACATGAGAAAACGG
BrUMp DQ062725 EST p(MboⅠ or MspⅠ) CACTGTACTTGCAGAGGTTT TGTCGCTTTCAACGTCATGT
BrCR17p AY952464 EST p(MboⅠ or MspⅠ) GCTCTCGCTTACTACTTCAT GCCTTCTCCAAGATTCTGAA
BrSULTR3p AJ581745 EST p(MboⅠ or MspⅠ) GCCATGCTGAGCAAAGAAGT GTTTCCTTTCACCGCAGTCC
BrCLPAp X75328 EST p(MboⅠ or MspⅠ) AAGGACTAGCGCAGCGTATT GCCTCTCCATGAACTCACTC
BrLOX1p AY162142 EST p(MboⅠ or MspⅠ) AGAGCAGGTTACCAGTCACG TGCTTCTGGGTCCTCAACAG
BrMSRp X94225 EST p(MboⅠ or MspⅠ) TCCCGTCCCTTCGATAATGC CTGTCGTGGCAGTGACGTAA
BrGR1p AF008441 EST p(MboⅠ or MspⅠ) AATCATGGCGAGGAAGATGC ATCAACCTTCACAGCTCCAG
BrBCHp DQ156907 EST p(MboⅠ or MspⅠ) GTAAAGAAGACCCATATGCC AAAAAGGCACCGAAATGTGC
BrBFTPp U71244 EST p(MboⅠ or MspⅠ) CAATGGCTTCACGAAACCTC TTAGCCTTGGAGCAAGTTGC
BrLHp Y16954 EST p(MboⅠ or MspⅠ) TCCTCTGGTGTTTCCAATTG TCTTGAGACAGCTATGCTTG
BrMLO1p AY967409 EST p(MboⅠ or MspⅠ) TCAAAGCAGAGCTTATGCTG AACAGGTTTCTTTTCCGAGC
BrXEHp AY834281 EST p(MboⅠ or MspⅠ) AACTCAAGCTTGACAACTCC CCTTAGACTACAAATGGCGA
BrACACp DQ173670 EST p(MboⅠ or MspⅠ) GTCTATAGATGCCCTTCTAC CGGTGTCTCAGCCATTAATT
BrCHIAp AF207563 EST p(MboⅠ or MspⅠ) TCAACACTGGGATGATCTTG ATGTACACTTTTCTTCCCCG
BrNAC5p AY245881 EST p(MboⅠ) AGCTAAATTTACCGGCGGGA CCCCTGAGAACCAAAACTCC
BrANT2p DQ211970 EST p(MboⅠ) GCAGCTGGGGATATTTATTC ATGTTTCCGACCACATTTGC
BrHPTPp X60318 EST p(MboⅠ) GACAGTGACAAGCACAATGA AAAGCGTCGAAAAGGAGAGA
BrP3Kp AY142114 EST p(MboⅠ) AACATTCCTTCGTCATGTCC GCCACGATCCTTCTCTTTAA
BrPGSp AJ271909 EST p(MboⅠ) ATTACAGTAGATCTCGGGTC AAAAAAGGAGACCTGTCCTG
BrRGAp AY928549 EST p(MboⅠ) TACATGATTCATCGGCTGTC CGCCGAAGACTTTCTCTATC
BrP5CS1p AF314811 EST p(MboⅠ) AGCACCAGAAGAGCTCCTTA CACAGCGTTCTGCTCCAGAT
BrSVPPp AY356367 EST p(MboⅠ) ATCATCTTCTCTTCCACTGG CTCAACACCACCGTATCTTT
BrNIR1p D38220 EST p(MspⅠ) GTCTGCTTTGAAGGAGCGGA TGCGAACCGGAACCTACGTA
BrBGER1p AY280868 EST p(MspⅠ) GCACCTCCTCGATCACAATC AGCAGCGGAGTAATAAGCGT
BrCHSB1p AF076335 EST p(MspⅠ) GGCCTTCTTCGTTGGATGAG CAACTGTCTCCACGGTGAGA
BrFAD2p AY577313 EST p(MspⅠ) AATGCAAGTGTCTCCTCCCT ACCTTTCTTCTCACCTTGCC
BrGLNp Y12460 EST p(MspⅠ) ACCTCTCAGAGACAACTGAC TGTGGTCTCTGCAATCATGG
BrRK6p AB041622 EST p(MspⅠ) CAGAAGCAAGCAAAAGCAGA GCACGTTGGTGATGAAGAAT
BrEPSPp AY512663 EST p(MspⅠ) GGATCCAAATCTCTGTCCAA AGGACTTGAAAGTAGTCAGG
BrTJLP1p AY335489 EST p(MspⅠ) TTCGACCTTATTGTTCTCCC CTTTTATCACGTCCCTTGCA
BrARC1s AF024625   EST s CGCTACTGCGCTCACTCCTCCAAGC CGTTCTGTACAAGAATCGATAACG CCTGTTGATAGTCTCTG CCTGTTGAGAGTCTCTG
BrPCF11s AJ271780 EST s GATGCAGAATCGGAGGTTTC ACGATACGGTAAAGGAAGCG CAGAGACCATACGGTTA CAGAGACCTTACGGTTA
BrCPN60As Z27222 EST s ACTAATGACTCTGCTGGCGA CAGGTCCCACTTTGTCAATG AACACGGGTTGTTGAGC AACACGGTCTGTTGAGC
BrCIPKs AF319169 EST s AATCTCCAAAGGAAGGCTACG TCTTCAGTATAACCTCCGGC TACCACCGCGATCTTAA TACCACCGTGATCTTAA
BrRAN1s AY045772 EST s CTAACATGGATGTGCTGGTC GCCTTCGATTAGAATCGCTG CAGAGACCATACGGTTA CAGAGACCTTACGGTTA
BrMAP3Ks AJ010091 EST s CTGGGCACTCAAATGATGGT GGCCTAAGCATCAGCATGAT CAAGTATGCAGGTTTTG CAAGTATGTAGGTTTTG
BrMAP4Ks AJ009608 EST s AACCAGGGCATCCATTGGAT AGCGACAAGAACACAGTTGG ATATATTTGAAAATCTT ATATATTTCAAAATCTT 
BrFAE1s AF490461 EST s GCAAGTTATCATTGGTGCGC AACCCATGCCACCAAGGTTA CCAACTCCGTCGCTCTC CCAACTCCATCGCTCTC
BrHRDs AY225590 EST s CATGGTTTGTCACTCACAACC GAACTCCATCGTATGTGGAT AGGTCTCATCTCACTTT AGGTCTCAACTCACTTT
BrLOL1s AB193295 EST s AAACCTTCTGATGTATCCGG CACTTGTAGCTCCACGAATG CAGTTAGTATGTGGAGG CAGTTAGTGTGTGGAGG
BrCOL1s AY379532 EST s CAATCCTGCCAATCTCTGGT CTGTAATCGACAAGGTCCAG GTGAGACGACAGAGGCA GTGAGACGTCAGAGGCA 
BrRACLss AF042330 EST ss(MboⅠ) AGAGAGATGAGTGCTTCGAG CAAGTCGTGAGTCTAGGAAG
*c: SCAR, p; CAPS, s; dot-blot-SNP, ss; PCR-RF-SSCP.   Restriction enzymes for CAPS and PCR-RF-SSCP markers are in parentheses. 
** DNA markers of Li et al. (2009) that showed polymorphism between 'STS32' and 'Hatusakari P04' and used for QTL analysis are two SCAR markers (BrACCc and BrYPTRc), 26 CAPS markers (BrACPp, BrACS6p, BrAP2p,
BrBNK1p, BrBTG26p, BrBTH1p, BrCLV1p, BrCOL2p, BrCTPp, BrDGTA1p, BrGBF2p, BrGBKTPp, BrKACPS2p, BrNS1p, BrPEND2p, BrPEPK1p, BrPLCp, BrTOC33p, BrURp, KBrB023K01p, KBrB039A19p,
KBrB055G10p, KBrB086J10p, KBrB089M13p,KBrH003L04p, and KBrS011C02p), and 17dot-blot-SNP markers (BrCHXs, BrGSBF1s, BrPEPC3s, BrPUDPGTs, BrRS1CL886s, BrRSCL1602s, BrRSCL1662s, BrRSCL2132s,
BrRSCL2161s, BrRSCL2169s, BrRSCL2285s, BrRSCL2749s, BrSTMs, BrVDACs, KBrB006O19s, KBrB074G23s, and KBrH001D10s).
